2+ necessary for carbachol (CCh)-induced contraction of longitudinal muscle of the proximal colon of rats was studied. CCh induced contraction of the muscle consisting of two phases, phasic and tonic phases, with a concomitant biphasic increase in [Ca 2+ ]i. After removal of Ca 2+ from the bathing solution of the colonic segments, CCh-induced contraction was rapidly inhibited; there was almost complete inhibition 1 min after the removal. Nicardipine, a blocker of voltage-dependent calcium channel, also significantly inhibited CCh-induced contraction. On the other hand, treatment of the colonic segments with thapsigargin, an inhibitor of sarcoplasmic reticulum (SR) Ca
Various agonists induce contraction in a variety of smooth muscle preparations with a concomitant increase in intracellular Ca
2+ concentration ([Ca
2+
]i) (1) . Agonists increase [Ca 2+ ]i by influx of extracellular Ca 2+ and /or release from sarcoplasmic reticulum (SR) (2, 3) . In the former, two different Ca 2+ channels participate: receptor-operated nonselective cation channels (4) and voltage-dependent Ca 2+ channels (5) . It is also known that activation of nonselective cation channel results in the depolarization of membrane potential which in turn activates voltage-dependent Ca 2+ channels (5) . Participation of these channels in the contraction varies among types of the smooth muscle, agonists used and experimental conditions planned. On the other hand, a high potassium concentration increases [Ca 2+ ] i only by opening of voltage-dependent Ca 2+ channels (1). Acetylcholine (ACh) or a muscarinic agonist, carbachol (CCh), was shown to elicit contraction consisting of a rapid phasic phase followed by a tonic one by activation of M3 muscarinic receptors in the rat gastric fundus (6) , duodenum (7) and ileum (8) ; the guinea pig gastric fundus (9) and ileum (10, 11) ; and the human ileum (11) . However, there are some different reports concerning the source of Ca 2+ for the muscarinic receptor-mediated contraction. In the Ca 2+ -free bathing solution, CCh induced only a phasic contraction that was probably induced by the release of Ca 2+ from the intracellular store, SR in the fundus strips (12) and duodenum (13) of rats and circular muscle of the fundus strip of guinea pigs (14) , whereas it did not induce any contraction in longitudinal muscle of guinea pig ileum (11) . In rat ileal longitudinal muscle, ACh induced phasic contraction by the Ca 2+ influx through voltage-dependent Ca 2+ channels (8) . Some reports on the Ca 2+ source for the tonic phase of the contraction are also inconsistent with each other. The tonic phase of the muscarinic agonistinduced contraction seems to depend on the Ca 2+ influx from the extracellular space because the tonic phase was significantly inhibited by omission of Ca 2+ from the bathing solution or the treatment of the preparations with an inhibitor of voltage-dependent Ca 2+ channel in rat duodenum (7) . In contrast, ACh-induced tonic contraction was resistant to the omission in guinea pig ileal circular muscle (11) . Thus, it was suggested that the sources of Ca 2+ for phasic and tonic contraction induced by activation of muscarinic receptors differ among regions of the digestive tract and species of animals used. Recently, it was also suggested that the role of SR for the Ca 2+ source decreased and that of Ca 2+ influx across the plasma membrane increased as the artery becomes smaller in phenylephrine-induced contraction (15) .
Nitric oxide relaxed longitudinal muscle of the proximal colon precontracted by CCh at 1 mM, but it did not affect that of the distal colon (16) . It seems interesting to clarify the reason for the difference in sensitivity of both longitudinal muscles to nitric oxide. One possibility may be a difference in the contractile mechanisms induced by CCh in both tissues. As described previously, contraction of smooth muscle is regulated by [Ca 2+ ]i. There are only a few reports with regard to the sources of Ca 2+ for ACh or CCh-induced contraction of colonic smooth muscle (7, 17) . Although Maggi et al. (7) showed effects of calcium channel blockers on CCh-induced contraction in the rat proximal colon, only one high concentration of CCh (0.1 mM) was used, and effects of calcium channel blockers were examined in the tonic phase of the contraction. It was shown that different concentrations of CCh can mobilize Ca 2+ from different sources (18) . The role of SR in muscarinic receptor-activated contraction was not examined in the colonic longitudinal muscle, other than in the guinea pig taenia coli. We recently suggested that nitric oxideinduced relaxation of longitudinal muscle of the rat proximal colon, which had been precontracted with CCh at 1 mM, resulted from a decrease in [Ca 2+ ]i by activating the SR Ca 2+ uptake mechanism (19) . To further elucidate the role of SR in the motility of the rat proximal colon, we tried to clarify the source of Ca 2+ in the contraction induced by CCh in the present study. Since, unexpectedly, an extremely minor role of SR in the contraction was suggested, we also examined the role of SR in the fundus of rats and discussed the regional difference of the source of Ca 2+ for the CCh-induced contraction.
MATERIALS AND METHODS
Male Wistar rats (250 -350 g) obtained from Clea Japan, Inc. (Osaka) were lightly anesthetized with ether and then stunned by a blow on the head and bled via the carotid artery. The stomach and colon were removed and placed in Tyrode solution consisting of 137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl 2 , 1.1 mM MgCl 2 , 0.42 mM NaH2PO4, 11.9 mM NaHCO3 and 5.6 mM glucose. The contents of the excised segment were flushed out with Tyrode solution. The portion of ascending colon that is attached by the mesentery to the small intestine was defined as the proximal colon (20) .
Recording of contractile responses
Small strips (0.2 -0.3-mm wide and 1.0 -2.0-mm long) of longitudinal muscle from the proximal colon and fundus were excised and tied with monofilament silk to the fine tips of two tungsten needles, one of which was connected to a force transducer. Then they were placed in a well on a bubble plate (21) containing Tyrode solution. For change of solution, an adjacent well was moved to the position of the tissue preparation by sliding the plate. Isometric tension was measured with a force displacement transducer (AM801; SensoNor, Horten, Norway). When effects of various inhibitors were examined, the muscle strips were treated with them for at least 10 min before the effects of CCh were examined.
Measurement of intracellular Ca
2+ level of longitudinal muscle cells of proximal colon and fundus
Small strips (about 2.0´7.0 mm) of longitudinal muscle were first incubated in Tyrode solution containing 5 mM fura-2 acetoxymethyl ester (fura-2 AM) and 0.02% cremophor EL for 5 -6 h at 25°C under 5% CO 2 in O 2 and next for about 18 h at 4°C. Then, the fura-2 loaded muscle was washed and mounted on a strain gauge transducer (U gauge, UL-2GR; Minebea, Tokyo) to record contractile responses isometrically. Changes in Ca 2+ level were measured simultaneously in a spectrofluorometer (CAF-100; Nihonbunko, Tokyo), using 340 /380 nm excitation with emission at 510 nm. A load of 0.25 g was applied as a resting tension. Contractions and increases in Ca ]i level induced by 100 mM K + was taken as 100%. Changes in tension were expressed as percentages of the phasic contraction induced by 100 mM K + . Inhibitors were applied for at least 10 min before the effects of CCh were examined.
Drugs
Nicardipine and thapsigargin were purchased from Sigma Chemical Co., St. Louis, MO, USA. Fura-2 AM was from Dojin, Kumamoto. ONO-RS-082 (2-(p-amylcinnamoyl)amino-4-chlorobenzoic acid) was from Biomol Research Laboratories, Plymouth Meetings, PA, USA. Carbamylcholine chloride (Carbachol, CCh) was from Wako Pure Chemicals, Osaka. All other chemicals were of analytical grade. Thapsigargin, nicardipine, ONO-RS-082 and fura-2 AM were dissolved in dimethyl sulfoxide (DMSO) as stock solutions. The final concentration of DMSO was 0.1%, which did not have any effect on preparations. Other drugs were added as redistilled-water solutions in volumes of less than 1.0% of the bathing solution. A similar volume of redistilled water alone had no effect on the muscle activity.
Statistical analyses
Data are expressed as means ± S.E.M. Results were analyzed by Student's t-test and a P value of <0.05 was regarded as significant.
RESULTS
CCh induced contraction of longitudinal muscle of the proximal colonic segments of rats in a concentrationdependent manner (Fig. 1) . The threshold of CCh for the contraction was 0.1 mM and the maximal contraction was obtained at 3 m M (Fig. 1B) . CCh also induced a moderate concomitant increase in [Ca 2+ ]i measured simultaneously (Fig. 1) ]i (Fig. 1) . We used CCh at 1 mM, which induced about 70% of the maximal response, in the following study. CCh induced a biphasic contraction of longitudinal muscle of the proximal colon, consisting of a rapid phasic and subsequent tonic phases (Fig. 1A) . The removal of Ca 2+ from the bathing solution of the segments (in the presence of 2 mM EGTA) abolished 100 mM K + -induced contraction (data not shown) and very significantly inhibited the contraction induced by CCh at 1 and 10 mM (Fig. 2) . The CCh-induced contraction rapidly decreased after the Ca 2+ -removal and almost disappeared 1 min after the Ca 2+ -removal (Fig. 2) . Since, unexpectedly, the effect of Ca
2+
-removal was dramatic, we also examined it in the strips of the rat fundus to confirm the validity of our experimental conditions. CCh-induced transient contraction of the fundus strips moderately decreased with time after Ca 2+ -removal, exhibiting a clear contrast to that of the proximal colon (Fig. 2) . The results suggest that Ca 2+ released from SR has a minor role in CCh-induced contraction in the proximal colon but a respectable role in the fundus. We also examined the effect of caffeine which induces Ca 2+ release from SR by activating ryanodine receptors. Caffeine induced slight and transient contractions 0.5 and 1 min after the Ca 2+ -removal, but it did not induce any appreciable contraction 3 min after the Ca 2+ -removal in the proximal colon (Fig. 3) , while it induced a moderate contraction even 15 min after the Ca
-removal in the fundus strips (Fig. 3) . Changes in [Ca 2+ ]i were consistent with those in the contractions. Namely, CCh-and caffeine-induced transient contractions in fundus strips were followed by concomitant increases in [Ca 2+ ]i, but changes in [Ca 2+ ]i were scarce after the Ca 2+ -removal in the proximal colon (data not shown).
To further study the role of Ca 2+ released from SR in CCh-induced contraction, the effect of thapsigargin, an inhibitor of SR Ca 2+ -ATPase, was also examined. Segments of the proximal colon were treated with 1 mM thapsigargin for 1 h in the absence of Ca 2+ . When the segments were returned to normal Tyrode solution containing 1.8 mM Ca
, the segments induced contraction, which might be due to 'capacitative Ca 2+ entry'. After the contraction reached to a plateau level, addition of CCh induced further contraction comparable to that before the treatment (Fig. 4) . The CCh-induced contraction after thapsigargintreatment was significantly inhibited in the presence of nicardipine, an inhibitor of voltage-dependent Ca 2+ channel (Fig. 4: A and B) . Since it is known that Ca 2+ released from SR is important in the phasic phase of agonist-induced contraction, we also studied the effect of thapsigargin on the rate of onset of the phasic phase. The rate in the proximal colon was slightly slower than that before the treatment (Fig. 5) . However, similar treatment of the fundus strips with thapsigargin resulted in a very significant decrease in the rate (Fig. 5B) , suggesting an essential role of Ca
released from SR in the contraction in the fundus.
Since it was suggested from the above results that Ca
released from SR was not necessarily important for the contraction of the proximal colon, we next studied other origins of Ca 2+ for the contraction. To clarify the involvement of voltage-dependent Ca 2+ channels in CCh-induced contraction in the proximal colon, the effect of nicardipine was examined. Nicardipine at 1 mM completely inhibited 100 mM K + -induced contraction (Fig. 6: A and B) . Nicardipine also inhibited the phasic as well as tonic contraction induced by CCh in a concentration dependent manner and at 1 mM almost completely inhibited the phasic contraction, suggesting an important role of Ca 2+ entering via voltagedependent calcium channels in the contraction (Fig. 6A) . In contrast, nicardipine at 1 m M showed about 30% inhibition only in the phasic contraction in the fundus (Fig. 6B) .
Previous studies have shown that muscarinic agonists induced contraction of longitudinal muscle of guinea pig ileum by increasing Ca 2+ influx via activation of phospholipase A2. Therefore, the effects of ONO-RS-082, a phospholipase A 2 inhibitor, on the CCh-induced contraction were examined. ONO-RS-082 inhibited the CCh-induced phasic and tonic contractions in the proximal colon concentrationdependently (Fig. 7) .
DISCUSSION
In the proximal colon of rats, CCh induced the contraction of longitudinal muscle consisting of two phases, phasic and tonic phase, with concomitant increase in [Ca 2+ ] i . It has been suggested that the phasic phase of contraction is induced mainly by Ca 2+ released from SR, whereas the tonic one is induced by Ca 2+ that entered from outside of the cells (1) . Indeed, the roles of the both ways for increasing [Ca 2+ ]i and inducing contraction were found in the fundus in the present study. However, both phases of contraction induced by CCh at 1 and 10 mM in the proximal colon were abolished or significantly inhibited by removal of Ca 2+ from the bathing solution of the segments or an inhibitor of voltage-dependent Ca 2+ channel, respectively. This result in a tonic phase is consistent with previous result using 0.1 mM CCh (7). Furthermore, after the treatment of colonic segments with thapsigargin, CCh-induced contraction was not significantly affected; only a slight decrease in a rate of contraction. Thus, these results indicate that Ca 2+ influx via voltage-dependent calcium channels is most important for the contraction induced by CCh of longitudinal muscle of the rat proximal colon and that Ca 2+ released from SR has a minor role for it, if any. It was shown that different concentrations of CCh affect different sources of Ca 2+ (18) and that the effect of channel blocker was studied in only a high concentration of CCh (0.1 mM) (7) . The present results suggest that CCh at all concentrations studied in the rat proximal colon activates an Ca 2+ influx from outside of the smooth muscle cells. A few reports also suggest the importance of Ca 2+ influx in smooth muscle contraction. Namely, ACh was suggested to contract the isolated longitudinal muscle cells obtained from the guinea pig and human intestine by activation of Ca 2+ influx from outside of the cells (11) . CCh was suggested to elicit Ca 2+ release from SR only at a higher concentration than that necessary for an increase in the Ca 2+ influx in the guinea pig taenia coli (22) . It was also suggested that Ca 2+ release from SR was activated by high concentrations of CCh but not by other muscarinic agonists, pilocarpine and oxotremorine that increase Ca 2+ influx from outside of the cells in longitudinal muscle of the guinea pig ileum (23) . Although all these results indicate the importance of Ca 2+ influx in smooth muscle contraction, the results on the proximal colon in the present study is conspicuous among them. 
It was indicated in the fundus strips that CCh induced a phasic contraction by increasing [Ca

2+
]i via activating the release of Ca 2+ from SR and that it induced a tonic phase via the influx from extracellular space through Ca 2+ channels other than voltage-dependent Ca 2+ channels. The regional difference in the origin of Ca 2+ necessary for the contraction between the two regions examined seems interesting, because there may be a possibility for differences throughout the gastrointestinal tract.
Since any role of SR for contraction was seen in the proximal colon in the present study, a question arises. Does SR have any role for the motility of the proximal colon? The result that addition of Ca 2+ after the treatment of the tissue preparations with thapsigargin induced contraction indicates the presence of a 'capasitative Ca 2+ entry' mechanism driven by a signal of Ca 2+ depletion of SR in longitudinal muscle of rat proximal colon (Fig. 4) . On the contrary, a few studies suggested the role of SR in relaxation in smooth muscle tissues including the proximal colon of rats. Namely, Ca 2+ released from SR was suggested to activate Ca
-activated K + channels in plasma membrane in vascular smooth muscle (24) . Association of Ca
-activated K + channel with relaxation of smooth muscle was also suggested in the distal colon of rats (25) . Recently we suggested in the rat proximal colon that nitric oxide induced the relaxation preferentially by activating
Ca
2+ uptake into SR and in turn decreasing [Ca 2+ ]i (19) . Therefore, it is safely said that although Ca 2+ released from SR is not necessary for the contraction, SR is associated with Ca 2+ signaling in the proximal colon. Since, phospholipase A2 was suggested to be involved in the muscarinic receptor-mediated contraction (26, 27) and ONO-RS-082, an inhibitor of phospholipase A2 (28), inhibited CCh-induced contraction in the present study, phospholipase A 2 seems to be involved in CCh-induced contraction of the rat proximal colon. Activation of muscarinic receptors resulted in an increase in Ca 2+ influx via activation of phospholipase A 2 , not voltage-dependent Ca 2+ channel in the ileal smooth muscle of guinea pig (27) .
Nifedipine abolished contraction and an increase in [Ca
2+
]i induced by arachidonic acid in the ileal longitudinal muscle cells of guinea pig (26) . Thus, it seems likely that activation of phospholipase A2 is important for Ca 2+ influx across the plasma membrane in these smooth muscles.
Ca 2+ sensitization phenomena of contractile elements (29) is well known in many smooth muscle cells including the gastrointestinal smooth muscles (30, 31) . In the present study, the tension-to-[Ca
] i ratio obtained on application of CCh was higher than that of 100 mM K + , that is, CCh induced greater contraction than high K + at a given [Ca
]i (Fig. 1) . The result indicates that CCh may increase the Ca 2+ sensitivity of contractile elements in the rat proximal colon. It was reported that arachidonic acid might contribute to the agonist-induced increase in myofilament Ca 2+ sensitivity (32) . Although the role of arachidonic acid on the CCh-induced Ca 2+ sensitization was also examined in membrane-permeabilized preparations treated with atoxin in the present study, ONO-RS-082 did not affect the CCh-induced Ca 2+ sensitization (data not shown). However, the relationship between low dependency of SR on the contraction and the presence of Ca 2+ -sensitization mechanism in the contraction is still unclarified.
In summary, Ca 2+ necessary for contractile response in the proximal colon of rat was supplied from outside of the smooth muscle cells via voltage-dependent calcium channels and SR had a minor role in the contractile response, if any.
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